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Color entanglement for γ-jet production in polarized pA collisions
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A more reliable treatment of transverse momentum dependent physics and in particular transverse single spin
asymmetries is urgently required, e.g. for polarized pA physics including novel effects like color entanglement.
We argue that the measurement of azimuthal angular correlations of photons and jets produced in pA collisions
provides a direct access to the novel gluon distribution G4 that enters into many such processes.
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I. INTRODUCTION
While collinear QCD is by now well understood, the new
frontier is a rigorous treatment of transverse momentum de-
pendent (TMD) physics. If the detected transverse momenta
are not very large (e.g. several tens of GeV) many novel,
highly non-trivial effects are relevant which could, e.g., influ-
ence the interpretation of heavy ion data (the A dependence
of these effects is basically unknown, making the comparison
of p + p, p + A and A + A data for k⊥ dependent quantities
highly problematic). One of the tasks of the proposed EIC ac-
celerator [1, 2] is the investigation of this physics and of the
associated differences between e+ p and e+A collisions.
There exist many open questions, starting from such funda-
mental issues as TMD factorization, see, e.g. [3–5]. TMD
parton distributions are expressed as matrix elements of non-
local combinations of quark or gluon fields which are con-
nected by gauge links. To take their effects into account a
generalized version of TMD factorization (GTMD) [6] was
proposed containing process dependent gauge links and thus
a modified concept of universality. However, it was found that
in hadron-hadron reactions, color entanglement leads to addi-
tional contributions which cannot be factorized even within
GTMD factorization [7]. If these effects are large and can-
not be reliably and quantitatively described by theory the cor-
responding experimental k⊥-dependent data cannot be inter-
preted within QCD, severely limiting their value. On the other
hand, the presence of such effects can be seen not as nuisance,
but as chance to explore the nontrivial interplay of color flow
in local non-Abelian gauge theories. Therefore, the discovery
of color entanglement effects has stimulated a lot of theoreti-
cal interest, see, e.g. [8–11]. In this contribution we argue that
transverse single spin asymmetries (SSA) in γ-jet production
in polarized pA collisions is a promising channel to do so.
The Sivers effect giving rise to the SSA in this process is
particularly sensitive to color entanglement as its existence re-
lies on the gauge link. We take into account one extra gluon
exchange on the proton side, while the gluon re-scattering is
resummed to all orders on the nucleus side by means of Wil-
son lines. This approximation is justified by the fact that the
gluon number density in a nucleus is much larger than in a
proton. We will further argue below that higher order gluon
exchange with the remnant part of the proton is suppressed by
a factor ΛQCD/Qs in the semi-hard region, where Qs is the
saturation momentum.
The spin dependent observables in pA collisions (e.g.
the Sivers asymmetry) are generally affected by saturation.
Therefore, measuring these observables might be a promising
approach to firmly experimentally establish saturation. Re-
cent developments in this direction include the calculation of
quark/gluon Boer-Mulders functions [12] and the quark Sivers
function [13] in the quasi-classical McLerran Venugopalan
(MV) model [14], the derivation of small x evolution equation
for the gluon Boer-Mulders function [15], the determination
of the asymptotic behavior of SSAs at small x [16, 17], and
the investigation of spin asymmetries in pA collisions beyond
the Eikonal approximation [18]. SSAs in various processes
in polarized pA collisions also have been studied within dif-
ferent frameworks [19–22]. More recently, a hybrid approach
was formulated to compute the SSA for inclusive direct pho-
ton production in polarized pA collisions [11].
In this letter, we study the SSA for photon and jet pro-
duction in polarized pA collisions by closely following the
method presented in Ref. [11, 23]. The result can be decom-
posed into two parts, one of which is related to the normal
dipole type TMD gluon distribution and an additional one re-
lated to the new gluon distribution function G4(x, k⊥) gener-
ated by color entanglement. We will show that the transverse
momentum dependence of the differential cross section in the
semi-hard region reads,
dσp
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where fq(x) and GDP (xg, q⊥) are the integrated quark PDF
in the proton and the dipole type gluon TMD distribution in
the nucleus. εij⊥ is a short-hand notation for the transverse
epsilon tensor ε−+ij⊥ defined with the convention ε
−+12
⊥ =
1. TF,q(x, x) is the well known ETQS function [27, 28].
dP.S. = dy1dy2d
2lγ⊥d
2lq⊥, where y1, y2 are the rapidities
of the two outgoing particles, and lγ⊥, lq⊥ are the transverse
momenta of the produced photon and quark, respectively. q⊥
is their sum q⊥ = lγ⊥+ lq⊥. The hard coefficient is given by,
HBorn =
αsαeme
2
q
Ncsˆ2
(
−
sˆ
uˆ
−
uˆ
sˆ
)
(2)
2The first two terms in Eq.(1) are already obtained in GTMD
factorization while the last one describes the novel color en-
tanglement effect. Experimentally, nothing is known about
the q2⊥ slope of G4 and it is unclear if this contribution to the
SSA is sizable. Thus, it is very important that this SSA is
measured at RHIC to find out whether G4 is relevant or not
for this observable. If it is, color entanglement effects could
very well be important in general for q⊥ dependent hadronic
reactions, which would greatly complicate the interpretation
of existing and future experimental data.
In the following we will present a few details of the calcu-
lation.
II. γ-JET SSA IN GTMD FACTORIZATION
We consider the kinematic region where the transverse mo-
menta of the produced photon and jet are much larger than
their transverse momentum imbalance which is often referred
to as the correlation limit. The dominant partonic channel
contributing in the forward region of the proton is:
qp(xP + p⊥) + gA(x
′
gP¯ + k⊥)→ γ(lγ) + q(lq) (3)
where P¯µ = P¯−nµ and Pµ = P+pµ with the usual light
cone vectors nµ and pµ, normalized according to p · n = 1.
The Mandelstam variables are defined as: sˆ = (lq + lγ)2,
tˆ = (xP − lγ)
2 and uˆ = (xP − lq)2. In the correlation
limit an effective TMD factorization should apply. Neglecting
the transverse momentum carried by the incoming quark the
corresponding unpolarized Born cross section reads [24],
dσ
dP.S.
=
∑
q
xfq(x)x
′
gGDP (x
′
g, q⊥)HBorn . (4)
Note that a cos 2φ modulation will show up for the virtual
photon-jet production [12]. The above cross section can also
be derived in the color glass condensate(CGC) framework. By
applying a corresponding power counting in the correlation
limit, a complete matching between TMD factorization and
the CGC calculation has been found [24]. This power expan-
sion can actually be performed either in coordinate [24] or
momentum space [25].
For the SSA we proceed in the same way, but include the in-
coming quark transverse momentum dependence. To compute
the polarized cross section, one has to apply GTMD factoriza-
tion as already without color entanglement the color flow is
non-trivial. This results in,
dσ
dP.S.
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∑
q
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}
(5)
f⊥,qg→γq1T,q (x, k2⊥) is the quark Sivers function which contains
a process dependent gauge link. Note that the polarized cross
section for photon-jet production in pp collisions takes the
same form [26]. At small x′g , the typical gluon transverse
momentum in the nucleus is of order of the saturation scale
Qs, which is much larger than the intrinsic parton transverse
momentum in the proton. We thus can approximate the cross
section by a power expansion in k2⊥/k1⊥ in the semi-hard re-
gion where q⊥ is of the order of Qs. The leading non-trivial
contribution reads,
dσ
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To arrive at the above expression, we have made use of the
identity [26, 29, 30],
N2c + 1
N2c − 1
TF,q(x, x) =
∫
d2k2⊥
k22⊥
MN
f⊥,qg→γq1T,q (x, k2⊥) . (7)
The non-trivial color factor appearing on the left side of Eq.(7)
is determined by the color topology of the involved partonic
scattering diagram. It would be interesting to see how the
cross section with color entanglement effect being incorpo-
rated deviates from Eq. 6.
III. THE COLOR ENTANGLEMENT CONTRIBUTION
Color entanglement effect results from the nontrivial inter-
play between gluon attachments from the proton and nucleus
sides. In principle it would be necessary to resum gluon at-
tachments on both sides to all orders simultaneously. How-
ever, such a calculation is technically out of reach. We sim-
plify the task by taking into account only one extra collinear
gluon from the proton while resumming gluon re-scattering
on the nucleus side to all orders. We expect this approxima-
tion to be valid in the kinematic limit q⊥ ∼ Qs ∼ k1⊥ ≫
ΛQCD ∼ k2⊥ for the following reason. We indicate the trans-
verse momentum dependence of the Wilson lines by the no-
tation Γ(q⊥ − k2⊥). In the semihard region, one can Tay-
lor expand this expression Γ(q⊥ − k2⊥) = Γ(q⊥) − 2k2⊥ ·
q⊥
∂
∂q2
⊥
Γ(q⊥)+O(
k2⊥
Qs
) and conclude that the k22⊥ moment of
the Sivers function gives rise to the leading power contribu-
tion. To include the k22⊥ term it is sufficient to only consider
one gluon exchange for the proton side.
Typically, multiple scattering between the incoming quark
(or transversely polarized gluon) and the classical color field
of the nucleus can be resummed into a Wilson line. How-
ever, this procedure does not apply if the incoming parton is
a collinear gluon. The formula valid for a longitudinally po-
larized gluon scattering off a nucleus has been worked out in
Ref. [33]. The expression for the gauge field created through
the fusion of the incoming gluon from the proton and small x
gluons from the nucleus contains both singular terms (propor-
tional to δ(z+)) and regular terms: Aµ = Aµreg + δµ−A−sing .
The detailed expression for Aµreg and A−sing can be found in
Ref. [23].
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FIG. 1: Diagrams contributing to the spin dependent photon jet pro-
duction amplitude. Different symbols indicate different parts of the
classical gluon field. A black dot denotes Areg or Asing , while a
cross surrounded with a circle denotes AA.
We first consider the gluon attachment on the left side of the
cut. All possible insertions of the fields AA, Aµreg and A−sing
on the quark line must be taken into account as illustrated in
Fig.1, where AA is the classical field created by the nucleus
alone. As compared to [11], the calculation of the hard scat-
tering amplitude is greatly simplified since we do not need to
keep track of the transverse momentum carried by the gluon
from the proton side. The contribution from the initial inter-
actions to the amplitude is given by,
MI = iegA
a
p
∫
d2x⊥e
ik⊥·x⊥
× u¯(lq)
n/SF (xP − lγ)ε/ + ε/SF (lq + lγ)n/
xgP + iǫ
tbU(x⊥)u(xP )
×
[
U˜(x⊥)− 1
]
ba
(8)
where Aap is the gauge field created by the proton with color
index a, and εµ is the polarization vector of the produced
photon. SF (xP − lγ) = i xP/−lγ/(xP−lγ)2+iǫ and SF (lq + lγ) =
i
lq/+lγ/
(lq+lγ)2+iǫ
are the quark propagators. U˜(x⊥) and U(x⊥) are
the path ordered Wilson lines in the adjoint and fundamental
representation
U˜(x⊥) = Pexp
[
ig
∫ +∞
−∞
dz+A−A(z
+, x⊥) · T
]
(9)
U(x⊥) = Pexp
[
ig
∫ +∞
−∞
dz+A−A(z
+, x⊥) · t
]
(10)
with T and t being the generators in the adjoint and funda-
mental representation. In the case of the SSA for inclusive
direct photon production, the contribution from the final state
interactions to the spin asymmetry is absent due to cancela-
tion between mirror diagrams. However, for the process under
consideration, the final state interactions shown in diagram (b)
and (d) of Fig.1 also generate a spin asymmetry. The cance-
lation between mirror diagrams does not occur because the
out-going quark jet momentum is not integrated over. The
amplitude for final state interactions reads,
MF = iegA
a
p
∫
d2x⊥e
ik⊥·x⊥ (11)
u¯(lq)
n/SF (xP − lγ)ε/+ ε/SF (lq + lγ)n/
xgP − iǫ
ta [U(x⊥)− 1]u(xP )
Combining both contributions, we obtain,
M =MI +MF = iegA
a
p
∫
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×
{
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n/SF (xP − lγ)ε/ + ε/SF (lq + lγ)n/
]
×tbU(x⊥)u(xP )
[
U˜(x⊥)
]
ba
−iπδ(xgP )u¯(lq)
[
n/SF (xP − lγ)ε/+ ε/SF (lq + lγ)n/
]
×tbU(x⊥)u(xP )
[
U˜(x⊥)− 2
]
ba
}
where a term which does not contain any Wilson line has
been neglected. The contribution from such a term to the in-
elastic scattering cross section is suppressed according to the
arguments made in Ref. [31]. Using the identity 1xgP±iǫ =
P 1xgP ∓ iπδ(xgP ), the real and imaginary part of the gluonic
pole have been expressed separately in the above equation.
The imaginary part provides the phase necessary for generat-
ing a non-vanishing SSA, whereas the real part is irrelevant
for the polarized cross section. Note that the structures of
the Wilson lines associated with the real and imaginary parts
are different. After carrying out the xg integration, the gluon
fieldAap is incorporated into the gauge links of the unpolarized
quark TMD and the quark Sivers function.
At the order we consider, the spin dependent hard part is
calculated from an interference of the scattering amplitude
with one extra gluon attachment from the proton given in the
above equation and the Born scattering amplitude derived in
Ref. [32]. It is straightforward to include the contributions
from the right cut diagrams. To arrive at a compact expres-
sion for the polarized cross section, we simplify the Wilson
line structure using the approach introduced in [11]. As a re-
sult, two different Wilson line structures emerge. These can
be related to the dipole type gluon TMD distribution, and a
new gluon distribution G4, respectively. We then proceed by
extrapolating the result to the correlation limit with a power
expansion procedure performed in momentum space [25]. Af-
ter neglecting all terms suppressed by the power of k1⊥/lq⊥,
the hard part is no longer dependent of the incoming parton
transverse momenta, while the soft part is expressed as the
convolution of the quark Sivers function and the gluon distri-
butions GDP and G4. As argued above, the single gluon ex-
change from the proton remains a good approximation in the
4semihard region. In this kinematic region, the soft part can
be further simplified by carrying out power expansion leading
from Eq.(5) to Eq.(6). Eventually, one obtains Eq.(1).
The definition of G4(x′g , k⊥) has been given in [11],
x′gG4(x
′
g , k⊥) =
k2⊥Nc
2π2αs
∫
d2x⊥d
2y⊥
(2π)2
eik⊥·(x⊥−y⊥)
×
1
N2c
〈Trc[U(x⊥)]Trc[U
†(y⊥)]〉x′
g
(13)
It is important to note that the extra gluon attachment from
the proton plays a crucial role in yielding the non-trivial Wil-
son line structure appearing in Eq.(13). The both distribu-
tions G4(x′g, k⊥) and GDP (x′g, k⊥) can be evaluated within
the MV model,
x′gG4(x
′
g, k⊥) =
k2⊥R
2
0
2παsNc
∫
d2r⊥
(2π)2
eik⊥·r⊥e−
1
4
r2⊥Q
2
sq
=
1
N2c
x′gGDP (x
′
g, k⊥) (14)
where R0 is the radius of the nucleus. One notices that G4
is suppressed in the large Nc limit as compared to the normal
dipole type gluon distribution GDP .
We close this section with two further remarks:
(i) The unpolarized cross section is not affected by the color
entanglement effect at the order that we consider. The ob-
served color entanglement effect is the consequence of the
non-trivial interplay among the T-odd effect, the coherent
multiple gluon re-scattering, and the non-Abelin feature of
QCD.
(ii) The spin asymmetry is found to be proportional to the
slope of both gluon distributions. The same feature was also
found in [19] for a different process.
IV. CONCLUSIONS
We have shown that the SSA in photon-jet production in po-
larized pA collisions in the correlation limit offers a promising
opportunity to pin down experimentally the size of the factor-
ization breaking color entanglement effect parameterized by
the small x gluon distribution G4. We hope very much that
such a measurement will be performed at RHIC [34].
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